We demonstrated a compact, widely tunable, and monochromatic high-repetitionrate terahertz (THz) source based on difference frequency generation in a GaSe crystal. The dual-wavelength pump laser was a doubly resonant near-degenerate type-II periodically poled LiNbO 3 (PPLN) optical parametric oscillator (OPO), intracavity pumped by a 1.064-μm Q-switched Nd:YVO4 laser operating at 25 kHz. The PPLN OPO covered the wavelength range of 2072-2186 nm through temperature tuning with a 55-mm-long nonlinear crystal, and the maximum output power was 3.27 W. The generated THz wave was continuously tunable from 0.24 (1250 μm) to 3.78 THz (79 μm) with the maximum average output power of 1.8 μW at 1.57 THz. Such a compact and portable THz source has great potential for spectroscopy and imaging applications.
Introduction
Photonic terahertz (THz) sources based on nonlinear conversion from various kinds of lasers operating in continuous wave (CW), nano-, pico-, and femtosecond regime are playing important roles in practical applications [1] - [5] . The major advantages include compact in size, wide frequency range, high output power, room-temperature operation, etc. Although femtosecond laser based THz timedomain spectroscopy (TDS) systems have made significant achievements in commercialization [6] , difference frequency generation (DFG) is regarded as a great potential for its irreplaceable ability for narrow-linewidth (∼MHz), full-frequency-range-spanning (0.1-10 THz) and low-cost THz sources, which are indispensable in high-resolution spectroscopy and hyper-spectral imaging. High-power THz sources (milliwatt level) based on DFG have been reported with quasi-phasematched (QPM) nonlinear crystals such as micro-structured LiNbO 3 , GaAs and GaP [7] - [9] . One of their main problems is the limited frequency tuning ability with QPM. DFG using organic nonlinear crystals (e.g., DAST) with thickness less than one coherence length is good at frequency expansion, but further power scaling is impracticable due to their poor physical and optical properties (e.g., low damage threshold and high THz absorption coefficient) [10] . Overall, one of the classical nonlinear crystals, i.e., GaSe is an ideal candidate in general, considering its wide transparency region, high second-order nonlinear coefficient (54 pm/V), suitable birefringence, and low THz absorption [11] , [12] .
On the other hand, although near-infrared lasers around 1.06 μm is applicable for DFG in GaSe crystal, longer pump wavelengths are more beneficial with higher quantum efficiency. Considering CO 2 lasers are bulky and discrete in frequency tuning [13] , and mid-infrared tunable solid-state/fiber dual-wavelength lasers are undeveloped as well, doubly resonant OPOs operating around 2 μm pumped by Nd doped lasers at 1.06 μm is the most preferable approach [3] , [4] , [8] , [14] . With highefficiency KTP OPOs intracavity pumped by diode-end-pumped acousto-optical (AO) Q-switched Nd:YVO 4 lasers, compact high-repetition-rate THz sources have been realized giving average power in the micro-watt regime, enough for portable applications of spectroscopy and imaging [15] , [16] .
As the performance of the dual-wavelength laser plays the key role in DFG for THz wave, we have been making effort to improve it on power scaling, beam quality, linewidth and stability, etc. In this paper we demonstrated a compact widely tunable THz source based on a GaSe crystal and an efficient dual-wavelength PPLN OPO, which was doubly-resonant and worked in type-II QPM to get orthogonal signal/idler waves and to reduce their linewidths. Temperature tuning maintained high mechanical stability and QPM completely eliminated walk-off compared with KTP OPOs. The tunable range of the OPO covered from 2072 nm to 2186 nm and the maximum average output power reached 3.27 W with a 55-mm-long PPLN crystal. THz radiation ranging from 0.24 THz to 3.78 THz was obtained through directly DFG in an 8-mm-long GaSe crystal. The maximum output voltage of 522 mV at 1.57 THz was acquired with a 4.2-K Si bolometer, corresponding to the average output power of 1.8 μW and optical-THz conversion efficiency of 1.125 × 10 −6 , which is believed to be the highest among the reports of compact high-repetition-rate THz sources.
Experimental Setup
The schematic diagram of the experimental setup is illustrated in Fig. 1 . The pump source was a fiber-coupled diode laser (LD) at 808 nm with the maximum output power of 30 W. A 1:2 coupling lens was used to focus the pump beam into the 10-mm-long 0.3-at%-doped Nd:YVO 4 crystal with antireflection (AR) coatings at 808 nm and 1064 nm on both faces. The cavity of the fundamentalwave laser was composed by M1 and M3, while the doubly resonant OPO cavity was composed by M2 and M3. M1 was a plane-concave BK7 glass mirror (300-mm curvature radius) with AR coatings After filtering the residual fundamental laser with a dichromatic mirror (DM, HR coated at 1064 nm and AR coated at 2000-2300 nm), an 8-mm uncoated GaSe crystal was applied for DFG directly. The generated THz wave was detected with a 4.2-K Si bolometer (Infrared Laboratories, Inc., calibrated to be 2.89 × 10 5 V/W) after an optical chopper (Stanford Research Systems, SR540).
Results and Discussion
Three PPLN crystals with different lengths of 33 mm, 45 mm to 55 mm and same cross-section of 8 mm (width) × 1 mm (thickness) were investigated for 2-μm generation, where we concluded that longer crystals gave higher efficiency as the optical gain was quite limited for type-II QPM in PPLN. The effective nonlinear optical coefficient of type-II (o-eo) QPM was d e f f = (2/π)d 31 = 2.77 pm/V, an order smaller than that of the typical type-0 (e-ee) QPM whose effective nonlinear optical coefficient was d e f f = d 33 = 27.2 pm/V. The output characteristics of the 2-μm dual-wavelength PPLN OPO with a 55-mm-long crystal were shown in Fig. 2 . Operating at the optimized repetition rate of 25 kHz, the pump threshold was 1.66 W and the maximum average output power was 3.27 W pumped at 18.09 W, corresponding to an optical-optical conversion efficiency (from LD to 2 μm) and slope efficiency of 18.08% and 20%, respectively. Notably, as the maximum output power of the free-running Q-switched Nd:YVO 4 laser was 7.86 W when mirror M2 and the PPLN crystal was removed and M3 was replaced with a T = 12.4% 1064-nm output coupler, 41.6% of the fundamental power was extracted and converted to the OPO output. Fig. 3 shows the temperature tuning of the PPLN OPO with a 55-mm-long crystal whose grating period was 14.1 μm. It could be seen while the working temperature was changed from 90°C and 142°C the wavelength tuning range was from 2072 nm to 2186 nm, providing frequency interval from 0 to 7.5 THz which was enough for DFG. The shorter-wave branch (signal) was e-wave while the longer one (idler) was o-wave. The tuning range could be further extended with higher temperature but at temperatures lower than 90°C the output power began to decrease because of photorefractive effect. The tuning ability of PPLN crystals with grating periods of 14.0 μm and 14.2 μm were also investigated, but their tuning ranges were either too limited or had a gap. The maximum power stability throughout the tuning range (14.1-μm grating period) is also shown in Fig. 3 . Comparing with the results in [15] and [16] where the maximum output power gradually decreased from both sides of the normal incident phase-matching (PM) angle, the average output power of the 2-μm PPLN OPO kept almost constant benefitting from QPM scheme where the mechanical structure remained unchanged during wavelength tuning. Obviously stable operation during tuning was a great advantage for generating widely tunable THz radiation. The pump beam size at the center of the PPLN crystal was estimated to be around 350 μm in diameter and the OPO beam size was around 600 μm near the output coupler. Measured with the knife-edge method, the M 2 factors of the OPO output beams were around 2.5 in both directions at the location of 10 cm from the output coupler, and the fluctuation at different wavelengths was unconspicuous.
The temporal pulse width (FWHM) of the PPLN OPO was measured with an extended InGaAs PIN detector (EOT ET-5000) and a 500-MHz digital oscilloscope, demonstrating a decreasing trend from 7.5 ns near threshold to 5.7 ns when the LD pump power was increased from 3.79 W to 18.09 W. It was reasonable that KTP OPOs had narrower pulse widths with shorter cavity length free from the heating oven for the PPLN OPO. The output optical spectra were monitored by an optical spectrum analyzer (Yokogawa AQ6375) during tuning, as shown in Fig. 4 . The linewidths of signal and idler wavelengths were less than 1.5 nm. Although a bit wider than that of KTP OPO, they are much better than type-0 QPM, which has an extremely broad gain bandwidth (see the inset of Fig. 4) , and are good enough for efficient DFG, regardless of seeding or mode selecting devices. Moreover, the optical-optical conversion efficiency was kept among the highest with a relatively longer PPLN crystal compared with type-0 QPM [17] .
The dual-wavelength PPLN OPO was used as the pump source for generating THz wave based on DFG in the GaSe crystal which had a clear aperture of about 16 mm, which is large enough for wideband PM. To avoid optical damage to the crystal, the 2 μm laser beams was directly incident to the GaSe crystal without focusing. Considering the bolometer was a DC detector with slow response, an optical chopper was used to modulate the high-repetition-rate signal to 25 Hz before detection. Furthermore, a 1-mm-thick germanium (Ge) wafer with HR coatings from 2.0-2.3 μm and a 1-mm-thick black polyethylene (PE) wafer were placed close to the detector window to block the residual pump beams at 2 μm. When the working temperature of the PPLN crystal was changed from 91°C to 117°C, the OPO signal and idler output wavelengths varied in the range of 2127.25-2099 nm and 2129-2156.5 nm respectively. Type oe-e collinear PM for DFG process could be satisfied by synchronously rotating the GaSe crystal in the x-z plane, giving monochromatic THz wave tunable from 1250 μm (0.24 THz) to 79 μm (3.78 THz), shown in Fig. 5 . The theoretical prediction and experimental results accorded well with each other. The THz tuning range in the long-wave end was improved compared with DFG using KTP OPO, as the PPLN OPO had higher power in corresponding range and its wavelengths could be tuned more precisely by temperature around degenerate point, where the generated THz was very sensitive to pump wavelength drift. Fig. 6 demonstrates the THz output voltage of the bolometer versus frequency. The maximum signal was 522 mV obtained at 1.57 THz, corresponding to the average output power of 1.8 μW and the DFG conversion efficiency of 1.125 × 10 −6 from 2 μm to 191 μm, which increased by 50% over that with KTP OPO. The increase of maximum THz power should also be attributed to the stable and precise control of wavelengths from a single PPLN crystal instead of two KTP crystals. According to the theoretical analysis on a similar case [16] , the ideal output THz power should be three orders higher. However, as to the actual situation, the low efficiency could be mainly caused by the Fresnel reflection loss, short interaction length, high THz absorption coefficients, and relatively low pump intensity. Increasing the pump intensity through focusing should work, but thermal accumulation induced damage might occur in GaSe under high-repetition-rate operation. A minor peak locating at 3 THz with the output voltage of 403 mV was also observed. As known to all, the quantum efficiency should go up towards the high-frequency end, however, THz absorption and the Fresnel reflection of the GaSe crystal also increased in the same tendency, which limited power scaling above 3 THz. As to the low-frequency end, the decreased quantum efficiency was the main reason of declined conversion efficiency. The valley between two power peaks was caused by two wide absorption bands around 1.9 THz and 2.5 THz [18] . The root mean square (RMS) instability around maximum output power at 1.57 THz was 3.24% measured in 15 minutes, and the power fluctuation in the whole tuning range was lower than DFG with KTP OPO, owing to a much flatter tuning curve throughout the tuning range of PPLN OPO. The THz beam size was about 6 mm in diameter near the GaSe crystal, and increased to almost 15 mm at 10 cm further from the crystal, and therefore, the divergence half-angle was estimated to be around 2.58
• . Using a 30-μm wire grid (MicroTech Instruments, Inc), the polarization of the THz wave was measured, shown as one of the insets in Fig. 6 . Type oe-e PM for DFG was confirmed as the THz polarization was found to be the same as the longer pump wave. A typical THz pulse at 1.57 THz is also shown, from which we can see the chopping frequency of 25 Hz (the chopper duty cycle was 25%). It should also be noted that the THz pulses were neither averaged by the oscilloscope nor amplified by a lock-in amplifier, with which the noise could be eliminated, and the weak signals of both ends could be picked up; thus, a wider tuning rage was feasible.
Conclusion
We have demonstrated a compact high-repetition-rate optical THz source using a compact efficient dual-wavelength PPLN OPO around 2-μm as the DFG pump source. The maximum average output power of 3.27 W was obtained with a 55-mm-long 14.1-μm-grating-period PPLN crystal, and the linewidth was narrowed to less than 1.5 nm with type-II (o-ee) QPM. An 8-mm long GaSe crystal was used in the DFG process, and tunable THz wave ranging from 0.24 to 3.78 THz was achieved. The maximum output voltage obtained was 522 mV at 1.57 THz, corresponding to the average output power of 1.8 μW and the DFG conversion efficiency of 1.125 × 10 −6 from 2 μm to 191 μm. Both the maximum THz power and tuning range were improved compared with our previous experiments with a KTP OPO, benefitting from its stable and precise wavelength tuning method, as well as the stable output power throughout the tuning range.
